, depressed by depleting extracellular Na ϩ , and enhanced by raising extracellular pH. FCCP, dinitrophenol, and rotenone caused bi-or triphasic rises in [Ca 2ϩ ]i, in which the first phase was accompanied by mitochondrial depolarization. The FCCP-induced first phase was partially inhibited by oligomycin but not by ruthenium red, cyclosporine A, U-73122, a Ca 2ϩ -free EGTA solution, and an Na ϩ -free solution. The FCCP-induced second phase paralleling mitochondrial repolarization was partially blocked by removing extracellular Ca 2ϩ and fully blocked by oligomycin but not by thapsigargin or an Na ϩ -deficient solution, was accompanied by a rise in cytoplasmic Mg 2ϩ concentration, and was summated with a high pH-induced rise in [Ca 2ϩ ]i, whereas the extracellular Ca 2ϩ -independent component was blocked by U-73122 and cyclopiazonic acid. The FCCP-induced third phase was blocked by removing Ca 2ϩ but not by thapsigargin, depressed by decreasing Na ϩ , and enhanced by raising pH. Cyclopiazonic acid-evoked rises in [Ca 2ϩ ]i in a Ca 2ϩ -free solution were depressed after FCCP actions. Thus mitochondrial uncoupling causes Ca 2ϩ release, activating Ca 2ϩ release from the ER and store-operated Ca 2ϩ entry, and directly elicits a novel plasmalemmal Ca 2ϩ entry, whereas Ca 2ϩ release from the ER activates Ca 2ϩ accumulation in, or release from, mitochondria, indicating bidirectional mitochondria-ER couplings in rat brown adipocytes. 3 ) receptors in response to physiological stimuli (2) . This rise in [Ca 2ϩ ] i is transient for a limited amount of Ca 2ϩ stored in the ER. To maintain a sustained rise, the activation of Ca 2ϩ entry at the cell membrane occurs as the result of depletion of Ca 2ϩ in the ER. This is called store-operated Ca 2ϩ entry (SOC), although its precise activation mechanism is still unknown (19, 36, 40) . Ca 2ϩ that is released in, or enters into, a cell is buffered by binding to Ca 2ϩ -binding proteins, extrusion at the cell membrane via Ca 2ϩ pumps and Na ϩ /Ca 2ϩ exchangers, and uptake into the ER and mitochondria (3) .
The role of mitochondria as a Ca 2ϩ sink has been known in both excitable and nonexcitable cells (3, 14) . ] i (6 -8, 14, 38, 45, 49) . Moreover, the active role of mitochondria as a Ca 2ϩ sink has recently been suggested in the mechanism of regulation of SOC. Despite the low affinity of the Ca 2ϩ uniporter at the mitochondrial membrane (3), the localization of mitochondrial Ca 2ϩ uptake sites close to the Ca 2ϩ -release sites of the ER enables the mitochondrial uniporter to take up Ca 2ϩ from the high [Ca 2ϩ ] i produced in the microdomain between these organelles in several types of cell (35, (43) (44) (45) 51) . This prevents refilling of the ER with Ca 2ϩ by sarco(endo)plasmic Ca 2ϩ pumps (SERCA) so that the activation of SOC is facilitated or maintained (11, 15, 36, 42) . It is of great interest to study how these couplings of mitochondria and the ER operate in cells, where both organelles play important physiological roles.
Brown adipocytes possess numerous mitochondria and utilize them for thermogenesis, their major function (48) . In response to cold exposure, heat is produced by uncoupling of respiration from ATP synthesis by the activation of uncoupling proteins under the enhanced hydrolysis of neutral lipids by the ␤-action of norepinephrine (28, 32, 41) . In mitochondrial respiration, Ca 2ϩ is needed for the activation of Ca 2ϩ -dependent production of NADH and FADH 2 , which is the absolute requirement of thermogenesis. In brown adipocytes, [Ca 2ϩ ] i is largely increased by the release of Ca 2ϩ from the ER through IP 3 receptors (25, 30, 47, 54) and the subsequent activation of SOC (34) (23) .
MATERIALS AND METHODS
Rats (Wistar ST or WKAH supplied from SLC Japan; 3-6 wk old) were used. Rats were kept at 4°C with free access to food and water for 5-7 h to deplete lipids stored in brown adipocytes, anesthetized with ether, and then killed. All procedures were performed in accordance with the Animal Experimentation Guidelines of Nagoya University. Interscapular brown adipose tissues were isolated and minced. Adipocytes were differentiated by treatment with collagenese type 2 and DNase I for 20 min, triturated three to four times every 5 min, and cultured for 2-7 days (34). Culture medium was composed of DMEM, 10% FBS, penicillin, and streptomycin. Adipocytes were loaded with fura 2-AM (5 M), magfura 2-AM (5 M), or Oregon green 488 BAPTA-1 (5 M) for 30 -50 min at 37.0°C for [Ca 2ϩ ]i measurement. In most experiments, rhodamine 123 (10 M) was loaded for 10 -15 min at 37.0°C after loading fura 2-AM or magfura 2-AM to record changes in the membrane potential of mitochondria (21) .
Composition of normal Krebs-Ringer solution was (in mM) 112.8 NaCl, 5.6 KCl, 3.0 CaC1 2, 1.1 MgSO4, 4.8 NaHCO3, 2.3 NaH2PO4, 20.0 HEPES, and 5.4 glucose (pH 7.4 adjusted with NaOH). A nominally Ca 2ϩ -free solution was prepared by replacing total CaC12 with 4.5 mM NaCl in Krebs-Ringer. A Ca 2ϩ -free EGTA solution was made by adding 1 mM EGTA to the nominally Ca 2ϩ -free solution. A Ca 2ϩ -free, Mg 2ϩ -free EGTA solution was prepared by replacing total MgCl2 with equimolar amounts of NaCl in a Ca 2ϩ -free EGTA solution. An Na ϩ -deficient solution was made by replacing total NaCl with N-methyl-D-glucamine in equimolar amount and titrated with 1.0 N HCl. An Na ϩ -free solution was prepared by replacing NaCl, NaHCO3, HEPES, and NaH2PO4 with Tris ⅐ Cl (pH 7.4 adjusted with HCl). High-pH solutions were prepared by adding Tris ⅐ Cl in an appropriate amount. Various kinds of drugs were applied by changing a perfusing solution to the solution containing a drug(s). Time for complete exchange of solution in the bath was Ͻ1 min.
Changes in [Ca 2ϩ ]i were measured with two conventional Ca 2ϩ -imaging systems (charge-coupled device camera, C4742-12R; Hamamatsu Photonics) set on an upright microscope (Olympus, BX51W1 with an objective, ϫ40 water, numerical aperture 0.8) or an inverted microscope (Nikon, TMD300 with an objective, ϫ40 water, numerical aperture 1.15). In most experiments, fluorescence of fura 2 excited alternatively at 340 nm (D340, Chroma Technology, Rockingham, VT; width at half maximum ϭ 16 nm) and 380 nm (D380, Chroma Technology; width at half maximum ϭ 20 nm); results were recorded through a band-pass filter (HQ480/40; Chroma Technology) using a filter changer (EFC-1; Nikon, Tokyo, Japan) for the upright microscope or another changer (C8214; Hamamatsu Photonics) for the inverted microscope. One sequence of fluorescence data was obtained every 5-15 s. Fluorescence intensity was averaged over the region within the contour of each cell in an image plane. The ratio of fluorescence excited at 340 nm to that at 380 nm, (F 340/F380) was analyzed by software (Aquacosmos, Hamamatsu Photonics). F340/ F380 was converted to a [Ca 2ϩ ]i value by the equation reported in Ref. 13 using the dissociation constant of 145 nM, the ratio of the maximum F 340/F380 to the minimum (14.1), and the fluorescence ratio of the free to the Ca 2ϩ -bound form (9.59). We next examined a possible involvement of the inhibition of the plasma membrane Ca 2ϩ pump in the plateau phase. Increasing external pH to 8.3 for 2 min, a condition that inhibits plasmalemmal Ca 2ϩ pump (4), caused no or a small rise in [Ca 2ϩ ] i (to 13.0 Ϯ 8.0 nM, n ϭ 8) under the control condition. On the other hand, raising the external pH during the plateau phase under the effect of thapsigargin produced a large rise in [Ca 2ϩ ] i (by 36.2 Ϯ 6.4 nM, n ϭ 8; Fig. 1C ). This implies that the activity of Ca 2ϩ pumps at the cell membrane is enhanced, but not suppressed, during the plateau, counterbalancing the increased Ca 2ϩ entry. Alternatively, the increase in [Ca 2ϩ ] i by raising pH during the plateau, but not at rest, could be explained by the effect of high pH to enhance SOC (24) . In any cases, it is clear that the high level of [Ca 2ϩ ] i during the plateau is due to the activation of SOC as a result of Ca 2ϩ depletion in the ER by the action of thapsigargin, as has been suggested in this type of cell (34) as well as many other cells (37) . It is to be noted that thapsigargin did not affect mitochondrial membrane potential (see Fig. 13 ).
Mitochondrial uncoupling causes Ca 2ϩ release from mitochondria and plasmalemmal Ca 2ϩ entry. We examined whether mitochondrial activity regulates plasmalemmal Ca 2ϩ entry and/or activates Ca 2ϩ release from the ER in brown adipocytes. We first employed a protonophore, FCCP. FCCP acidifies the mitochondrial matrix and depolarizes the membrane potential [say, from Ϫ160 to Ϫ170 mV to Ϫ99 to Ϫ11 mV in hepatocytes (17) or to an extent completely dissipating the voltage-dependent distribution of a dye, tetramethylrhodamine ethyl ester, in neuroblastoma cells (26)]. Thus the protonophore would release Ca 2ϩ from mitochondria by membrane depolarization, and the increased free Ca 2ϩ concentration via dissociation of calcium phosphates complexes in the matrix (31) .
FCCP (2 M) applied for 2-5 min produced rises in [Ca 2ϩ ] i in a biphasic or triphasic manner in rat brown adipocytes. The initial transient was 60.6 Ϯ 5.1 nM (n ϭ 283), and the subsequent spiky rise was 28.9 Ϯ 2.9 nM (measured from the end of the first phase, n ϭ 279; Figs. 2-4, 6 -9, and 11-13). In a fraction of cells, these phases of rises were followed by a late slow rise, the amplitude of which was largely varied from 6.6 to 430 nM among cells (68.5 Ϯ 7.7 nM, n ϭ 109; Figs. 2A, 4, 10, and 12A). The mechanisms of these three phases of FCCPinduced rises were examined below.
The initial transient phase was consistently accompanied by a transient increase in rhodamine 123 fluorescence (by 50.5 Ϯ 
/H
ϩ exchanger and Na ϩ /Ca 2ϩ exchanger in the mechanism. The possible involvement of the inhibition of Ca 2ϩ pump at the cell membrane was tested by raising the external pH that inhibits its activity. The spiky rise, however, was enhanced in a high-pH (pH 8.2) solution to 82.6 Ϯ 10.1 nM from 31.3 Ϯ 3.7 nM (n ϭ 44, P Ͻ 0.0001; Fig. 3A ). Because an increase in [Ca 2ϩ ] i by a high-pH solution alone was 47.6 Ϯ 3.9 nM (n ϭ 47), the enhancement of the second spiky rise appeared to result from the simple summation of the rise caused by the high-pH- Fig. 4B ) with no effect under the control condition (3.0 Ϯ 0.7 nM, n ϭ 28). This effect of reducing the external Na ϩ is similar to that on the sustained rise in [Ca 2ϩ ] i by thapsigargin, suggesting the role of Na ϩ in the mechanism of high level of [Ca 2ϩ ] i , not the inhibition of the Na ϩ /Ca 2ϩ exchanger at the plasma membrane (see below and DISCUSSION). The depressant effect of an Na ϩ -deficient solution on the late slow rise produced by FCCP might be caused by the mechanism involving the Na ϩ /H ϩ exchanger at the plasma membrane as discussed above as a mechanism for the second spiky rise. This mechanism, however, is unlikely because mitochondrial membrane potential and ATP synthesis are well restored during the third phase (see DISCUSSION pump but by the activation of Ca 2ϩ entry. To confirm whether these effects of FCCP result from the actions on mitochondria, we then applied another protonophore, DNP, and a blocker of electron transport, rotenone. DNP (50 M) produced di-or triphasic rises in [Ca 2ϩ ] i similar to those by FCCP. The amplitude of the initial phase was 26.6 Ϯ 1.7% (n ϭ 45) of the basal fluorescence intensity, whereas that of the second phase was 18.7 Ϯ 1.3% (measured from the initial base; Fig. 5, A and B) . The second phase was largely abolished by a Ca 2ϩ -free EGTA solution with or without a small remaining transient rise. In separate experiments, DNP (50 M) depolarized mitochondrial membrane Fig. 6A ), which would have reduced intracellular Na ϩ concentration. We next examined effects of ruthenium red, which blocks Ca 2ϩ uniporters at the mitochondrial membrane with a high affinity of 9 nM (22) . Although ruthenium red is known to be membrane impermeable, it does permeate the plasma membrane when applied extracellularly at a high (M) concentration (9) . The permeation of ruthenium red across the cell membrane can be assessed by the action to reduce rhodamine 123 fluorescence via its direct action and/or the mitochondrial hyperpolarization as a result of blockade of Ca 2ϩ uniporter (9) . Ruthenium red applied at concentrations of 5, 10, and 50 M indeed decreased rhodamine 123 fluorescence to 88.7 Ϯ 1.3% (n ϭ 50), 80.9 Ϯ 1.5% (n ϭ 11), and 21.9 Ϯ 0.3% (n ϭ 7), respectively, of that before application (see Fig. 6B for the data at 5 and 10 M). Furthermore, it increased (or did not affect) FCCP-induced mitochondrial depolarization to 116.3 Ϯ 8.6% (n ϭ 62), 106.3 Ϯ 8.9% (n ϭ 11), and 323.6 Ϯ 29.7% (n ϭ 7), respectively, of the control (see Fig. 6B for the data at 5 and 10 M) presumably because of mitochondrial hyperpolarization as a result of blockade of Ca 2ϩ uptake through Ca 2ϩ uniporters. Under this condition, the amplitude of the first phase of FCCP-induced rises in [Ca 2ϩ ] i was slightly reduced to 93.5 Ϯ 4.1% (n ϭ 62), 85.9 Ϯ 8.4% (n ϭ 11), and 95.6 Ϯ 11.3% (n ϭ 7), respectively, of the control (see Fig. 6B for the data at 5 and 10 M).
We then tested effects of cyclosporine A, a blocker of PTP. Cyclosporine A (1 M) did not affect the initial transient phase of FCCP-induced rises (87.6 Ϯ 4.8%, n ϭ 54; Fig. 6C ] i was compared with that of FCCP-induced mitochondrial depolarization, it closely paralleled the repolarizing phase of the depolarization, as shown in Fig. 7 , in which the amplitude of depolarization was shown upside down. This indicates that the mechanism is closely associated with the recovery of ATP synthesis that would have accompanied membrane repolarization. -free solution (65.1 Ϯ 8.1%, n ϭ 42) was similar to that of the first component. Furthermore, the FCCP-induced rise in magfura 2 fluorescence ratio was sustained for a certain period even after the end of repolarization. The duration of the FCCP-induced magfura 2 response in a Ca 2ϩ -free, Mg 2ϩ -free solution was 146.9 Ϯ 11.8% (n ϭ 38, P Ͻ 0.0004; measured at the half maximum of the amplitude of the second peak) of that in Krebs solution. The initial quick rise could be caused by a rise in [Ca 2ϩ ] i , which was sensed by magfura 2, whereas the later phase must reflect a rise in [ This idea was further supported by the action of oligomycin, a blocker of H ϩ -ATPase. In the presence of oligomycin (2.5-5 g/ml), the second spiky component of FCCP-induced rises was not generated (n ϭ 44; Fig. 8B ). This effect remained even 50 min after its removal. Oligomycin per se produced a small transient rise in [Ca 2ϩ ] i (17.1 Ϯ 3.2 nM, n ϭ 44), whereas the first phase of FCCP-induced rises was depressed (to 7.5 Ϯ 2.7% of the control, n ϭ 44) in the presence of oligomycin with little change in mitochondrial depolarization (108.3 Ϯ 6.9%, n ϭ 38).
Another characteristic of the spiky Ca 2ϩ entry was that it occurs independent of Ca 2ϩ release from mitochondria and the ER. The spiky component was produced even after the quick decrease (instead of a rise) in [Ca 2ϩ ] i by FCCP applied under the effect of thapsigargin (see Fig. 12A ). In addition, the spiky Ca 2ϩ entry was abolished during the late slow rise produced by the preceding application of FCCP (8.6 Ϯ 3.1 nM, n ϭ 40; see Fig. 10 ). Thus it is likely that its activation mechanism could be related to the process that activates the subsequent slow phase. -free solution was markedly decreased to 32.6 Ϯ 5.2% of the control (n ϭ 22) after the application of FCCP, which produced a transient rise (Fig. 9B) a directly coupled Ca 2ϩ pathway. Interestingly, it was also found that Ca 2ϩ depletion in the ER caused by mitochondrial Ca 2ϩ release maintained the state of Ca 2ϩ depletion in mitochondria in a fraction of cells (Fig. 10B) . The high level of [Ca 2ϩ ] i during the late slow rise in [Ca 2ϩ ] i produced by the first application of FCCP was quickly lowered by the second application of FCCP in a fraction of cells (by 34.6 Ϯ 6.0 nM, n ϭ 27) among 57 cells, in which FCCP was applied (Fig.  10B) .
Involvement of PLC in the mitochondrial coupling-induced Ca 2ϩ release from the ER. To examine a possible involvement of PLC in the activation of Ca 2ϩ release from the ER by mitochondrial uncoupling or Ca 2ϩ release, we observed effects of a blocker of PLC, U-73122, on the residual second component of FCCP-induced rises in a Ca 2ϩ -free solution. This component of the rise in a nominally Ca 2ϩ -free solution was abolished in the presence of 2 M U-73122 (Fig. 11, A and B ; n ϭ 17). Similar effects of U-73122 were obtained in a Ca 2ϩ -free EGTA solution (n ϭ 5; not shown). Under this condition, there was no change in the amplitude of mitochondrial depolarization (106.3 Ϯ 8.4%, n ϭ 17), although the decay phase was somewhat facilitated (Fig. 11A) (Fig.  11Da) . When the action to prolong FCCP-induced rise was removed by deleting several data points (gray bar in Fig. 11Da ) during the midphase of the response in the presence of U-73122, the U-73122-sensitive component was similar to that in a Ca 2ϩ -free solution in amplitude and more or less similar in shape, albeit not identical (Fig. 11 , Db and Dc). The results indicate that mitochondrial membrane depolarization, protonation, and/or Ca 2ϩ release activates a transient Ca 2ϩ release presumably from the ER under the activation of PLC.
Activation of Ca 2ϩ release from, or uptake at, mitochondria by Ca 2ϩ release from the ER. The results above suggested activation of Ca 2ϩ release from the ER by mitochondrial Ca 2ϩ release. Conversely, it is possible that Ca 2ϩ release from the ER activates mitochondrial Ca 2ϩ release because CICR has been reported to occur through several Ca 2ϩ pathways at the mitochondrial inner membrane (20, 29) . This possibility can be tested by applying FCCP during the sustained rise in [Ca 2ϩ ] i by thapsigargin (Fig. 12) . If mitochondria is depleted of Ca ] i by thapsigargin produced two types of actions depending on the cell. In one type of cell, it caused a sharp rise in [Ca 2ϩ ] i (by 36.4 Ϯ 7.9 nM, n ϭ 24), which was followed by a decrease in [Ca 2ϩ ] i to a level (54.1 Ϯ 4.6 nM, n ϭ 40) lower than that before application of FCCP (Fig. 12B) . The magnitude of rise was varied among cells; it was greater or smaller than that before application of thapsigargin. The greater rise implies that Ca 2ϩ is taken up further into mitochondria from the high level ] i to a level lower than that before application of FCCP (by 34.6 Ϯ 6.0 nM, n ϭ 27; Fig. 12A ). Thus depletion of Ca 2ϩ in the ER by the action of thapsigargin causes strong, if not complete, depletion of Ca 2ϩ in mitochondria in this type of cells. Even under this condition, FCCP depolarized mitochondrial membrane (Fig. 13) , although the extent of depolarization was smaller (77.9 Ϯ 5.8% of the control, n ϭ 29), no matter whether it increased or decreased [Ca 2ϩ ] i during the sustained rise in [Ca 2ϩ ] i .
DISCUSSION
The present study demonstrates the bidirectional interaction of mitochondria and the ER with respect to Ca 2ϩ dynamics and their regulation of plasmalemmal Ca 2ϩ entry in various modes. First, depletion of Ca 2ϩ in the ER by thapsigargin activates SOC, as suggested in previous studies (see Introduction for references). Second, mitochondrial uncoupling activates Ca release from the ER by mitochondrial Ca 2ϩ release could then be caused by a CICR mechanism through IP 3 receptors or ryanodine receptors. Although the ryanodine receptor is a possible candidate in rat brown adipocytes (unpublished observations), the IP 3 receptor could also be a likely candidate because it causes a powerful release of Ca 2ϩ by the ␣-action of epinephrine (34) . IP 3 may be produced by the activation of PLC resident on the membranes of mitochondria or the ER (53) (10) . This would result in the activation of PTP and Ca 2ϩ release from mitochondria. This mechanism is also unlikely because of absence of effects of a PTP blocker.
Another possible mechanism for depletion of mitochondrial Ca 2ϩ after Ca 2ϩ depletion in the ER may be that Ca 2ϩ stored in mitochondria is supplied in part by the Ca 2ϩ stored in the ER through a direct pathway connecting the insides of both organelles or indirectly via the local [Ca 2ϩ ] i domain. This mechanism may be supported by the observation that FCCP-induced mitochondrial Ca 2ϩ release disappeared in a Ca 2ϩ -free EGTA solution, when the ER is depleted of Ca 2ϩ by CPA. This mechanism requires further investigation. Ca 2ϩ release from mitochondria by the action of 10 M thapsigargin was also reported in Trypomastigotes, although the mechanism was ascribed to mitochondrial membrane depolarization (52) . In brown adipocytes, however, thapsigargin did not depolarize the mitochondrial membrane.
The couplings between mitochondria and the ER are thus bidirectional. Accordingly, Ca 2ϩ movement occurs from mitochondria to the ER or vice versa. Which direction of coupling and how tight the coupling occurs, however, differ depending on the cell. Consequently, four types of cells were seen: tight or loose coupling in both directions and tight coupling in one direction and loose in the other (see Figs. 10 and 12 ). This variability may result from differences in the tightness of juxtaposition of these organelles or the effective localization or amount of molecules involved in Ca 2ϩ flux in the membrane of these organelles.
Regulation channel involved in SOC in brown adipocytes is permeable to both Ca 2ϩ and Na ϩ and voltage dependent. The magnitude of depolarization caused by the activation of this channel must be reduced in an Na ϩ -deficient solution and may lead to a decrease in the number of opened channels and thus Ca 2ϩ entry. The second mode of SOC activation found in this study is the activation by mitochondrial Ca 2ϩ release from Ca 2ϩ depletion in the ER through their couplings as already discussed.
We found an entirely new type of activation of Ca 2ϩ entry by mitochondrial uncoupling in the present study. FCCP caused a spiky rise in [Ca 2ϩ ] i , which was partially abolished by the removal of external Ca 2ϩ but remained after the application of thapsigargin. There are three important characteristics of this Ca 2ϩ entry. First, its generation is tightly coupled with the repolarizing phase of the mitochondrial depolarization. Second, it is abolished by a blocker of ATP synthesis. Third, there was a rise in [Mg 2ϩ ] i during the course of spiky Ca 2ϩ entry, indicating ATP hydrolysis. Thus a process involved in the restoration of ATP synthesis following the membrane repolarization after disappearance of FCCP may activate a mechanism of transient Ca 2ϩ entry at the plasma membrane. It is totally unknown, however, what molecule is involved in the mechanism. Another characteristic of the spiky Ca 2ϩ entry is that it is abolished during the sustained rise in [Ca 2ϩ ] i produced by the preceding application of FCCP. A messenger that activates a spiky Ca 2ϩ entry may disappear, once the mechanism for Ca 2ϩ depletion in the ER is activated by Ca 2ϩ release from mitochondria. The Ca 2ϩ pathway responsible for this mode of Ca 2ϩ entry would differ from that involved in activation of SOC, since the former was not affected by lowering the external Na ϩ concentration, whereas the latter was depressed. It is suggested that some types of TRP channels, TRPC6 and TRPC3, are activated by diacylglycerol (18) . The involvement of diacylglycerol possibly produced by the activation of PLC in the activation of the spiky Ca 2ϩ entry, however, is unlikely, because it was not blocked by a PLC blocker (Fig. 11C) .
In this study, we have also shown negative modes of regulation of Ca 2ϩ entry by the processes that activate Ca 2ϩ entry, once plasmalemmal Ca 2ϩ entry is activated by any means. FCCP or thapsigargin, when applied during the sustained rise in [Ca 2ϩ ] i caused by either of these drugs, produced a quick reduction of [Ca 2ϩ ] i , which was slowly restored to a level higher than the initial basal level under the control condition. In rat basophilic leukemia cells, a similar depression of SOC by mitochondrial depolarization was reported (12). The mechanism of these inhibitory effects of activators of Ca 2ϩ release or Ca 2ϩ entry on the high level of [Ca 2ϩ ] i was not investigated further and left for future studies. This mechanism of negative C906 regulation must be a physiological event, since similar restoring actions were elicited by norepinephrine once plasmalemmal Ca 2ϩ entry was activated by Ca 2ϩ depletion in the ER or mitochondria (unpublished observations).
Physiological significance of mitochondrial ER coupling and plasmalemmal Ca 2ϩ entries. Under the physiological conditions, the actions of FCCP observed in the present study could be reproduced by the activation of uncoupling proteins by the ␤-action of norepinephrine released from sympathetic nerves in response to cold exposure (see Introduction for references). On the other hand, the action of thapsigargin could be reproduced by the ␣-action of norepinephrine (see Introduction for references), although the former is irreversible, whereas the latter is reversible. Thus the two modes of the actions of norepinephrine can produce those induced by FCCP and thapsigargin. Indeed, we have observed effects of ␤-agonist similar to those of FCCP actions on mitochondria. Isoprenaline caused Ca 2ϩ release from mitochondria and subsequent Ca 2ϩ entry, resulting in complex modes of rises in [Ca 2ϩ ] i (16) . In contrast to the pharmacological system utilizing an uncoupler, another mode of ␤-actions enhances hydrolysis of neutral lipids, which elevates mitochondrial membrane potential via the enhancements of TCA cycle and the subsequent electron transport chain. This effect on energetics must be accelerated by the increase in [Ca 2ϩ ] i produced by both the ␣-and ␤-actions via Ca 2ϩ release from the ER and two modes of Ca 2ϩ entry. However, it is not yet known how each mode of coupling between mitochondria and the ER and the two modes of Ca 2ϩ entry contribute to the regulation of thermogenesis.
